The phosphoenolpyruvate-D-glucose phosphotransferase system of Enterobacteriaceae is thought to regulate the synthesis and activity of a number of catabolite uptake systems, including those for maltose, lactose, and glycerol, via the phosphorylation state of one of its components, IIIGIc,. We have investigated the proposal by : K28-K36, 1980) that not iiiGIc, but an unknown protein, the product of the iex gene, is responsible for the exclusion of the above-mentioned compounds from the cell. The iex mutant HK738 of Escherichia coli contains normal amounts of IIIGIc as measured by specific antibodies, in contrast to crr mutants that lack IIIGIc. The IIIGIc of the iex strain functions normally in glucose and methyl a-glucoside transport, and the specific activity in in vitro phosphorylation is approximately 60% of that of the parent. The IIIGIc activity of the iex strain is, however, heat labile, in contrast to the parental IIIGIc, suggesting that the mutant contains an altered IIIGIc. This is supported by the observation that IIIGlc from the iex strain cannot bind to the lactose carrier. Thus it cannot inhibit the carrier, and this explains why the uptake of non-phosphotransferase system compounds in an iex strain is resistant to phosphotransferase system sugars. The introduction of a plasmid containing a wild-type crr+ allele into the iex strain restores the iex phenotype to that of the iex+ parent. The IIIG1c produced from the plasmid in the iex strain is heat stable and binds normally to the lactose carrier. These results lead to the conclusion that the iex mutation is most likely allelic with crr and results in an altered, temperature-sensitive IIIGic that is still able to function in D-glucose and methyl aglucoside uptake and phosphorylation and in the activation of adenylate cyclase, but is unable to bind to and inhibit the lactose carrier.
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The phosphoenolpyruvate-sugar phosphotransferase system (PTS) catalyzes the transport and concomitant phosphorylation of a number of carbohydrates in Escherichia coli and Salmonella typhimurium (for a review, see references 19 and 20) . The PTS is composed of two general cytoplasmic proteins, enzyme I and HPr, and various sugar-specific, membrane-bound enzymes II. The glucose PTS contains an additional cytoplasmic phosphoprotein, IIIGlC, which is required for glucose and methyl a-glucoside transport. In addition the phosphoprotein IIjGIc, a product of the crr gene (12, 25) , is thought to function in the regulation of the synthesis and activity of a number of non-PTS uptake systems, including those for lactose, maltose, melibiose, and glycerol. Phosphorylated IIIGlC is supposed to activate adenylate cyclase. When IIIGIc is dephosphorylated (by a PTS sugar) or absent (due to mutation), the adenylate cyclase activity is low, and the intracellular level of cyclic AMP is not sufficient for the expression of certain catabolic operons (1, 19, 20) . Non-phosphorylated IIIGlc inhibits the accumulation of carbohydrates via the non-PTS uptake systems mentioned above. This phenomenon is called inducer exclusion. A direct interaction between IIIGIc and the lactose carrier has recently been demonstrated (14, 15) . With purified IIIGIc and purified lactose carrier reconstituted in liposomes, it could be shown that these two proteins are sufficient for the observed interaction; transport of 3-galactosides is inhibited by non-phosphorylated IIIGIc (14) . In the case of glycerol uptake we have recently demonstrated that non-phosphorylated IIIGlc inhibits glycerol kinase, but not the facilitator (18) . As a consequence no glycerol phosphate, the inducer of the glp regulon, is produced in the cell. PTS sugars not only decrease the uptake of certain non-PTS * Corresponding author. compounds, as mentioned above, but can also inhibit the uptake of each other. This is the result of competition of the various enzymes II or factors III for the common phosphoHPr pool (4, 23) . Thus glucose and methyl ac-glucoside can inhibit the uptake of fructose via IlFru (see below).
A different model for regulation has been advanced by Kornberg and co-workers (6) (7) (8) 16 (24) . Sugar phosphate formation was measured by the ion-exchange method (9) . The amount of IIIGlc was determined by rocket immunoelectrophoresis (24) .
Transport assay. Transport of 0.1 mM methyl-ca-D-[U-14C]glucopyranoside (specific activity, 390 cpm/nmol; Amersham Corp.) was measured as described previously (17) .
Binding of IIGIc to the lactose carrier. Binding of IIIGIc to the lactose carrier of E. coli was determined as described previously (14) . Membranes (21, 22) . These crr mutants have lowered levels of IIIGIc or lack it altogether. It has been shown that the crr gene is the structural gene for IIIGIc (12, 25) . In E. coli two types of suppressor mutations have been reported by Kornberg and co-workers. tgs mutations ( [7] , renamed gsr later [16] ) Growth at 42°C on certain non-PTS compounds is impaired in the parent since it contains a temperature-sensitive enzyme 1 (3). The iex mutation in strain HK738 was isolated as a suppressor of ptsI(Ts) that allows the strain to grow on maltose at 42°C similar to the iex mutant HK727 described before [8] . Both regain growth on other non-PTS compounds such as glycerol and lactose as well, similar to S. typhimurium crr mutants previously described. However, in S. typhimurium crr mutants, IIIGlc is absent, and methyl oa-glucoside transport is impaired. The inhibition of growth on fructose by methyl oa-glucoside suggests that IIIGIc is still active in the E. coli iex strain. In addition, growth on non-PTS compounds such as succinate, which is strongly dependent on cyclic AMP, is not impaired. This also suggests that IIIGlC is still functional. Indeed, Kornberg et al. (8) showed that adenylate cyclase activity in an iex strain is close to that in a wild-type strain, in contrast to a crr strain.
PTS proteins in iex and crr mutants. To resolve these conflicting results obtained with E. coli iex and crr mutants and S. typhimurium crr mutants, we determined the levels of the various PTS proteins in such strains. (Fig. 1) . Table 1 shows that the iex strain HK738 acquires the parental phenotype upon transformation with the crr+ plasmid pBCP20, i.e., it becomes sensitive again toward methyl cx-glucoside on non-PTS compounds such as maltose, lactose, and glycerol. Thus the crr+ gene is dominant. Table 4 shows that under these conditions plasmid-produced IIIGlc synthesized in the iex strain binds to the lactose carrier. The amount of IIIGtc bound is lower, however, in the iiiGic).
The heat inactivation of IjIGic produced by wild-type and mutant strains containing the plasmid also confirms the prediction. The IIIGIc activity present in HK738(pBCP20) is only inactivated partly, whereas in HK738 the activity decreased to zero upon heating at 70°C (Table 3) .
DISCUSSION
Two conflicting models have been advanced to explain the regulation of uptake and utilization of carbohydrates such as maltose, melibiose, glycerol, and lactose by the phosphoenolpyruvate-glucose PTS. According to one hypothesis, the protein IIIGIc (product of crr gene) is the regulatory molecule (19) (20) (21) (22) , whereas according to Kornberg and co-workers (6) (7) (8) 16 ) an unidentified protein (product of the iex gene) is involved in the inhibition of non-PTS transport systems by PTS carbohydrates (inducer exclusion). Their main argument derives from the fact that two different mutations, tgs and iex, could be isolated in E. coli and that these mutations map at opposite sides of the pts operon. In their view IIIGIc, the product of the tgs (gsr) gene, is only involved in glucose uptake and in the regulation of adenylate cyclase, but not in inducer exclusion of non-PTS carbohydrates. The data presented in this paper suggest, however, an alternative explanation for the tgs The genetic evidence that iex and crr mutations lie at opposite sides of the pts operon seems an argument against our hypothesis that both are alleles of the same gene crr. Unfortunately, the published evidence is not sufficient to distinguish unequivocally between the two possibilities. The localization of iex has varied considerably, ranging from 25% cotransduction with ptsl (17) to possibly allelic with ptsH (2), whereas the apparent molecular weight of its gene product is given as 33,000 or 21,000. Furthermore, several of the iex-transducing lambda phages used had to be disregarded in the construction of the genetic map since either the gene products for which they code or the complementation pattern did not agree with the restriction enzyme site mapping. As a result the mapping was done with one lambda phage (e.g., lambda 206) lacking the iex proteins and having VOL. 160, 1984 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from an iex phenotype. Interestingly, this phage also produces a strongly decreased amount of IIIGIC (3) . In addition, the possibility has to be considered that different iex alleles produce IIIGIc proteins having a residual activity at lower temperature (iex phenotype), but none at higher temperature (crr phenotype). This could explain several problems related to the complementation studies.
We think our studies have resolved the discrepancies between crr (tgs or gsr) mutations in S. typhimurium or E. coli and iex mutations with respect to their role in glucosegenerated catabolite repression or inducer exclusion of non-PTS carbohydrates. Different 
